Abstract In situ megascale hydraulic diffusivities (D) of a confined loess aquifer were estimated at various scales (10 ≤ L ≤ 1500 m) by a finite difference model, and laboratory microscale diffusivities of a loess sample by empirical formulas. A scatter plot reveals that D fits to a single power function of L, providing that microscale diffusivities are assigned to L = 1 m and that differences in diffusivity observed between micro-and megascales are assigned to medium heterogeneity appraised by variations in the curvature and slope of natural hydraulic head waves propagating through the aquifer. Subsequently, a general power relationship between D and L is defined where the base and exponent terms stand for the aquifer storage capability under a confined regime of flow, for the microscale hydraulic conductivity and specific yield of loess, and for the changes in curvature and slope of hydraulic head waves relative to values defined at unit scale.
INTRODUCTION
Hydraulic diffusivity is a control parameter of enormous importance in many geological phenomena and engineering problems. For example, hydraulic diffusivity is a key variable in controlling stress release during earthquakes (Talwani 1976 , Talwani et al. 1999 , Wibberley 2002 , Doan et al. 2006 or basal motion of glaciers overlying deformable beds (Murray 1997 , Fischer et al. 2001 . It also plays a dominant role in predictions of water content profiles in concrete during wetting and drying conditions, in the context of forecasting the service life of concrete structures (Pradhana et al. 2005, Das and Kondraivendhan 2012, and references therein) . But hydrology is the branch of scientific knowledge where hydraulic diffusivity is more extensively used, namely for prediction of natural fluid flow through rock masses (Li 1984 , Delépine et al. 2004 , Pacheco and Alencoão 2006 , Pacheco and Van der Weijden 2012 , soil horizons (Appoloni et al. 1990 , Chen 1998 , Abrisqueta et al. 2006 or aquifer sediments, also known as porous media. The literature on methods for assessing hydraulic diffusivity of porous media aquifers is vast. The most direct method is probably the inverse modelling of hydraulic head fluctuations regulated by groundwater flow equations (Gilmore 1992 , Ha et al. 2007 , Guo et al. 2010 , Pacheco 2013 or spectral relationships (Shih and Lin 2004) , because diffusivity is the unknown parameter in these equations or relationships. In line with this method is the analysis of river baseflows (Baloochestani 2008) or more specific algorithms such as the drawdown ratio technique (Neuman and Witherspoon 1972, Leahy 1976 ). However, because hydraulic diffusivity is a composite parameter, defined as the ratio between transmissivity and storage coefficient, methods based on a separate assessment of these variables were also developed to calculate diffusivity. The most widely used techniques are pumping or slug tests (Trefry and Johnston 1998 , Flach et al. 2000 , Van der Kamp 2001 , but other research tools are also employed, such as geophysical logging, borehole flowmeter tests, direct push methods, or hydraulic tomography (Butler 2005) . All the aforementioned approaches determine hydraulic diffusivity under in situ conditions, also referred to as megascale diffusivity, but share a common weakness: they are all costly and time-consuming. In an attempt to circumvent this shortcoming, a group of methods based on laboratory work have gained recognition. Among these techniques are approaches based on empirical relationships between hydraulic parameters and grain-size distributions (Bear 1972 , Vuković and Soro 1992 , Alyamani and Sen 1993 , Odong 2007 . These approaches are less costly but measure hydraulic parameters on very small support volumes (hand specimens) and therefore are valid solely at the microscale. In an attempt to bridge diffusivity from the microscale to the megascale, some studies carried out independent evaluation of laboratory results, checking them against values obtained in the field, or wrote empirical relationships between hydraulic parameters and scale (Vienken and Dietrich 2011, Fallico 2014) . However, the upscaling of hydraulic diffusivity from the particle-size scale towards the aquifer scale has rarely been discussed from a phenomenological perspective. The purpose of this paper is to fill this gap. To accomplish this goal, a mathematical expression is developed where microscale hydraulic diffusivities, based on the application of empirical formulas to grain-size data, are coupled with megascale diffusivities, based on a finite difference modelling of hydraulic head data performed in a geographic information system at several spatial resolutions. The support volumes in this study range from samples of loess to sectors of a confined loess aquifer, located in southwest Hungary.
STUDY AREA Location, topography, climate and hydrology
The study region is located in southwest Hungary, in the Szigetvár area, county of Baranya. The topography is hilly in the north and flat in the south of the area, with altitudes ranging from 100 to approximately 400 m a.s.l. (Fig. 1) . The climate is classified as Mediterranean, with hot summers and mildly cold snowy winters. The average annual temperature is 9.7°C and average annual precipitation is 600 mm. Rainfall reaches a peak of 80 mm in June, decreasing in subsequent months, with minimum values around 30 mm in the period January-March. In response to recharge by infiltrating precipitation, river flow increases from a minimum of 20 L/s in September to a maximum of 50 L/s in January-February. The lag time between maximum precipitation and maximum river flow is 7 months, which means that infiltration is rather slow (Fig. 2) . On a yearly basis, river flow represents only 5.7% of precipitation, indicating a dominance of evapotranspiration in the local water balance.
Geology
The geology of Szigetvár area is characterized by Upper Pleistocene to Holocene formations. These formations change from drift sand in the western part of the area to loess in the eastern side. In a very small area of the eastern limit, different formations of the western Mecsek mountains were mapped, including Carboniferous granite, Permian sandstone and aleurolite and Miocene gravels or laminated clays (Pacheco and Szocs 2006) . In this study, the focus is on the loess area (Fig. 1) . There are several studies on the origin and stratigraphy of Hungarian loess (Smalley and Leach 1978 , Pécsi 1987 , Frechen et al. 1997 , Nemecz et al. 2000 , Kovács et al. 2011 . Loess is wind-blown sediment of silt size formed in periglacial areas during cold and dry periods of the Pleistocene. According to Jámbor (1997) , loess was formed during the time span of 1.2 Ma-12 ka. Loess sequences may have transitions to, or alternate with, aeolian sand deposits, and can be interrupted by palaeosol horizons formed during milder interglacial periods. In the Szigetvár area, the loess complex is called the Paks Loess formation (Kovács et al. 2011) , in a reference to the most complete exposure located at Paks, a steppe region in the Middle Danube basin, in the Great Hungarian Plain. At this location, the famous 'Paks brickyard' has an altitude of approximately 47 m. On average, the Paks Loess formation has a thickness of 25-30 m.
Grain-size distribution and fabric of Hungarian loess and interlayered palaeosols
Several loess and interlayered palaeosol samples were collected by Nemecz et al. (2000) from cleaned walls of loess-palaeosol exposures in the Paks region. After collection, the samples were fractionated using sieving for analysis of grain-size distribution. Table 1 divides averaged samples into the fractions, while Fig. 3 illustrates concomitant grainsize curves. Loess is characterized by a double maximum at the A (clay, <5 μm) and D (coarse silt, 25-40 μm) fractions. Nemecz et al. (2000) noted an accumulation of weathering products such as montmorillonite in the A fraction, and of primary minerals such as quartz, feldspars, micas and dolomite in the D fraction. For this reason, these authors assumed that loess fabric is explained by the formation of steppe soils and not by the mode of dust deposition. The increase in the A fraction of palaeosol, relative to the homologous fraction in loess, is switched in the E fraction. Eventually, this indicates concentration of the most weatherable primary minerals (e.g. plagioclase) in the E fraction. The distribution of particle sizes by the major fractions is (a) loess: silt (51.7%) > clay (27.4%) > sand (20.9%); and (b) palaeosols: silt (51.5%) > clay (41.2%) > sand (7.3%). This corresponds to clay loam and silty clay textures, respectively (Fig. 4) . Fig. 3 Grain-size curves of Hungarian loess and interlayered palaeosols (Paks formation), drawn from the data in Table 1 . Fig. 4 Classification of Hungarian loess and interlayered palaeosols according to texture, based on the grain-size data depicted in Table 1 . The textural classification used the USDA soil textural classification. 
MATERIALS AND METHODS

Database for hydraulic diffusivity estimation
In this study, hydraulic diffusivity is estimated by a hydrological model and empirical formulas. In the first case, the calculated values will be representative of aquifer-scale diffusivities, also referred to as megascale diffusivities. The second approach calculates estimates of aquifer-scale diffusivities, based on particle-size scale data, a reason why they are also referred to as microscale diffusivities. The estimation of megascale diffusivities relies on the solution of the transient saturated flow equation, which requires prior assessment of hydraulic head data collected from a set of observation points distributed across the study region. The calculation of microscale diffusivities is based on empirical relationships between hydraulic parameters and material granulometry, which involves prior assessment of grain-size distributions.
For the calculation of megascale hydraulic diffusivities, the study used data from the period 1990-1993, when a hydrogeological survey was conducted and funded by the former Geological Institute of Hungary under the project "Geochemical Inspection of Groundwaters", with the theme "Shallow Groundwater State in South Somogy and Baranya". During this survey, several drilled wells were observed for hydraulic head on 8 and 16 May 1993. The concomitant hydraulic head records are depicted in Table 2 . For the calculation of microscale diffusivities, we used the data given in Table 1 .
Estimation of megascale hydraulic diffusivities
A hydrological model is adopted for the calculation of megascale hydraulic diffusivities. The algorithm has been coined the 'GRADIENTS model' (Pacheco 2013) and is based on a finite difference solution of the transient saturated flow equation operated in a geographic information system (GIS). The method details are beyond the scope of this paper, but a brief outline is presented below.
The GRADIENTS model is applicable to horizontal porous media aquifers with a transmissivity T (m 2 /s) and a storage coefficient S (-), under confined or unconfined conditions, in the latter case where the change in the saturated aquifer thickness is insignificant. It assumes that aquifer materials are homogeneous and isotropic, and that flow patterns are unaffected by recharge. Although a simplification, these assumptions hold true in many real situations, especially if the actual problem is analysed within small spatial frames and short time windows. Under these hydrological settings, the resulting equation for two dimensional (2D) transient flow is given by:
where D (=T/S, m 2 /s) is the aquifer hydraulic diffusivity, h (m) is the hydraulic head, x,y (m) are the eastwards and northwards components of flow direction, and t (s) is time. Equation (1a) is simplified by the GRADIENTS algorithm, being converted into a 1D function where x and y are replaced by a flow direction representing the steepest slope of h within the segment δx, δy:
where s is the aforementioned direction. Hydraulic diffusivity from aquifer to particle-size scale in loess sedimentsEquation (1b) assumes that D is constant. This assumption is valid when the support volume is sufficiently small. In cases where the analysis is focused on a larger volume (e.g. a sector of an aquifer), the assumption may hold if the spatial coordinate is divided into small segments of length Δx,Δy. Within these segments, or at their representative points (central points, also called nodes), head (h) may be assumed constant, and the differences between h of adjacent nodes may be calculated for discrete time steps, Δt. The replacement of differentials by differences in equation (1b), is addressed by the so-called finite difference methods (FDM). Within this framework, h s,t becomes h i,j , where i is the index for spatial segments and j the index for the time span. The differential quotients of equation (1b) are then replaced by the differences:
and equation (1b) is rewritten as:
Equation (2c) can be solved for D providing that reasonable estimates are computed in advance for the finite differences. This task is accomplished without difficulty if the equation is embedded in a GIS.
To run the GRADIENTS model in a GIS, it is required that h is measured within a set of regularly spaced segments (i.e. within a grid) covering the entire study region. Each segment (or cell) of this grid occupies an area Δx × Δy, whereas the study region covers a surface m × p × Δx × Δy, where m and p are the number of cells forming the grid, counted in the x and y directions, respectively. The evaluation of h at grid nodes has to be done at two distinct moments separated by a period Δt. Usually, measurement sites in a particular region (e.g. drilled wells) are not regularly spaced, which means that evaluation of h within the grid has to be accomplished by an indirect method, typically by interpolation using GIS tools. Based on the actual distribution of measurement sites and on the h values evaluated at these points, the software will, as a first step, draw a regular grid on top of the study area and, in a second step, interpolate h for every cell in the grid, assigning the result to its node. The GIS software is also prepared to calculate the differences represented in equation (2c), using its slope function, and to combine the grids storing h and the associated spatial and temporal differences, using a procedure called Map Algebra. If grids produced by the GIS software for the differences depicted in equations (2a) and (2b) are given the names H t and H ss , respectively, a D grid is calculated readily, for every cell in the grid, as:
Calculation of microscale hydraulic diffusivities
At the microscale, calculation of hydraulic diffusivity will predominantly be based on empirical relationships established between the effective diameter of grains in a sample of unconsolidated material (e.g. sand or silt) and the parameters, hydraulic conductivity (K, m/s) and specific yield (S y , dimensionless). The values of K and S y are then combined with supplementary information, because experimental estimations of hydraulic diffusivity cannot be separated from a concomitant judgment about whether the tested materials would be confined or unconfined when integrated in a real aquifer. Under unconfined conditions, the value of D is calculated by:
where b (m) is the saturated thickness of the aquifer, while under confined conditions D is given by:
where S s (L/m) is the specific storage of the aquifer:
where α (m 2 /kg) means compressibility of the aquifer skeleton, ρ (kg/m 3 ) and β (m 2 /kg) are the specific weight and compressibility of water, respectively, and n e (-) is the effective porosity of the aquifer. Bearing in mind that β >> α and recognizing that, for most practical applications in silts, the value of effective porosity is best represented by the specific yield (n e → S y ), equation (5a) can be simplified to:
Inspection of equations (4) and (5c) 
HYDRAULIC CONDUCTIVITY AND SPECIFIC YIELD VS GRAIN-SIZE RELATIONSHIPS
Hydraulic conductivity is the ability of a porous material to transmit water through its interconnected voids. This led numerous authors to anticipate certain relationships between K and statistical parameters that describe grain-size distribution in a depositional medium. Consideration of this topic began with the studies of Seelheim (1880) and Hazen (1893) , and since then many empirical formulas have been developed and refined, most of them based on experimental work (Carman 1937 , 1956 , Beyer 1964 , Terzaghi and Peck 1964 , Kaubisch and Fischer 1985 , Shepherd 1989 , Alyamani and Sen 1993 . In general, formulas include relevant sediment properties and governing factors for K, such as grain-and pore-size distribution, grain and pore shape, tortuosity, specific surface and total porosity, and can be represented by a general equation
proposed by Vuković and Soro (1992) , following Bear (1972) :
where g (9.81 m/s 2 ) is the acceleration of gravity, v (1.14 × 10 -6 m 2 /s) is the dynamic viscosity of water, C (-) is a sorting coefficient, f(n) is a total porosity function, and d e (m) is the effective grain diameter. The values of C and d e vary among specific formulas, while f (n) is usually represented by the empirical relationship:
Here, U is a coefficient of uniformity, represented by the ratio:
where d x is a cut-off diameter dividing the sample into a parcel of x percent finer than d and a counterpart portion of 100 -x percent coarser than d.
To be used in the present study, a number of formulas were adopted, satisfying the following criteria: (a) to be a particular representation of equation (6a); and (b) to be generally applicable to very finegrained and relatively well-sorted materials, such as the Szigetvár loess (Table 1) . The selected empirical formulas were those of Hazen, Kozeny-Carman, Breyer and Slitcher (Table 3) .
The relationship between specific yield and grain size has been widely investigated in the past and many summary tables of representative values have Table 3 Empirical formulas relating hydraulic conductivity with grain-size distribution, used in the calculation of microscale hydraulic diffusivities. Source: Odong (2007) . Symbols are explained in the text.
Formula
Main application requisites Name Equation
d e < 3 mm not applicable to clayey materials
1 < U < 20 0.06 < d e < 0.6 mm
Hydraulic diffusivity from aquifer to particle-size scale in loess sediments 275 been published, most of them resulting from experimental work (Morris and Johnson 1967, Heath 1983) . For the present case study, the summary tables of Morris and Johnson (1967) , given in Table 4 , were adopted.
RESULTS
Megascale hydraulic diffusivities
Megascale hydraulic diffusivities were calculated by the GRADIENTS model set in the ArcGIS, version 10 (ESRI 2010). A detailed explanation of the operation and complete toolbox of ArcGIS is beyond the scope of this paper. However, a proper understanding as regards the embedding of GRADIENTS model in the ArcGIS structure requires a brief explanation on the input dataset and general model parameters, as well as on the restricted toolset adopted for the calculation of D.
The initial dataset for the calculation of D comprised the hydraulic head records of drilled wells represented in Fig. 1, and Krahn 2004) . Finally, adoption of a short time step is adequate for finite difference modelling in silt-bearing sedimentary sequences, as these sediments respond quickly in transmitting changed hydraulic conditions at one location to other regions in the aquifer. Parameter (Δx,Δy) represents the adopted cell size, i.e. the reference area for model calculations, where D is assumed to be constant. To check for eventual changes in D related to changes in scale, eight different cell sizes were adopted: 10, 25, 50, 100, 500, 750, 1250 and 1500 m. The ArcGIS tools used to calculate D were: (a) Spatial Analyst Tools > Interpolation > Topo to Raster This tool was used to interpolate the hydraulic heads (h) over a certain spatial extent (the rectangle in Fig. 1 ), based on discrete values measured at the drilled wells (circles in Fig. 1 ). The input feature data in this tool were a shapefile of points containing the discrete h values, classified as the point elevation dataset, and a shapefile of polygons containing the extent area, classified as boundary. The median hydraulic diffusivities calculated by the GRADIENTS model for the various cell sizes are given in Table 5 (a) and illustrated in Fig. 5 . On average, D = 17.9 m 2 /s, but values tend to increase with Δx, i.e. be affected by scale, with fittings to two parallel power functions, one valid for the short Table 4 Representative values of specific yield (S y ), specific retention (S r ) and total porosity (n) of unconsolidated materials comprising a wide range of grain sizes. Source: Morris and Johnson (1967 
Microscale hydraulic diffusivities
Microscale hydraulic diffusivities were calculated by equations (4) and (5c), which presume unconfined and confined conditions for the tested materials, respectively. Application of these equations requires prior assessment of other parameters, for which the following values were adopted:
(a) hydraulic conductivity (K) was calculated by the empirical formulas depicted in Table 3 and the results are shown in the first column of Table 5 (b). In these formulas, d 10 = 0.0176 mm and d 60 = 0.0463 mm, in keeping with the grainsize distribution of local loess presented in Table 1 , which implies that U = 2.6 (equation (6c)) and n = 0.41 (equation (6b)); (b) the specific yield (S y = 0.061) was interpolated from tabulated values listed in Table 4 , recognizing that median grain size (d 50 ) in local loess is 0.0405 mm; and (c) for the aquifer thickness, a reference value of b = 25 m was used, as mentioned in the 'Geology' section. The results for hydraulic diffusivity are depicted in the second column of Table 5 (4) and (5c), with hydraulic conductivity calculated by the empirical formulas shown in Table 3 . The megascale D values could be fitted to a couple of trend lines, valid for different spatial resolutions; the microscale were arbitrarily assigned the unit cell size (Δx = 1 m).
DISCUSSION
Unconfined vs confined behaviour of the Szigetvár loess aquifer
Pacheco (2013) compiled a number of hydraulic diffusivity values, reported in various studies, to represent unconfined, semi-confined and confined aquifers, and plotted them against the concomitant storage coefficients. In that plot, reproduced in this study as Fig. 7 , and now completed with data for a confined aquifer estimated by Onder (1994) ), megascale hydraulic diffusivities calculated by the GRADIENTS model for the Szigetvár loess aquifer are characteristic of a confined aquifer. This result is supported by local stratigraphy, which is characterized by a sequence of alternating loess strata with clay-loam textures (Fig. 4) working as aquifer (aquitard) layers, and palaeosol strata with silty-clay textures working as confining beds. The confined behaviour of this aquifer is also corroborated by the local basin hydrology, which is marked by very low river flows (just 5.7% of precipitation) and long time lags (7 months) between maximum precipitation and maximum river flow (Fig. 2) . The microscale hydraulic diffusivities calculated by equation (4) (unconfined condition, D = 0.0016 m 2 /s) differ considerably from the megascale counterparts (D = 17.9 m 2 /s), but those calculated by equation (5c) (confined condition, D = 14.0 m 2 /s) are comparable. This is supplementary support for adoption of a confined flow regime in the calculation of hydraulic parameters for the Szigetvár loess aquifer. On the other hand, it highlights the importance of selecting the appropriate storage condition when aquifer hydraulic diffusivities are to be approximated by empirical formulas based on grain-size data.
Comparison of scaled hydraulic diffusivities with results obtained in other studies
Many authors have verified the scaling of hydraulic conductivity or permeability as regards spatial resolution (Neuman 1990 , Clauser 1992 Schulze-Makuch and Cherkauer 1997) and some have described the scaling law by power functions (Schulze-Makuch and Cherkauer 1998, SchulzeMakuch et al. 1999 , Illman 2006 . Although less documented, the scale dependence of porosity on scale has also been shown (Vesselinov et al. 2001 , Illman 2005 . The reason given for the existence of scale effects is usually medium heterogeneity (Martinez-Landa and Carrera 2005, Fallico 2014). It is well known that flow in porous media is influenced by the presence and continuity of macropores and fissures (Bouma 1982) . For small aquifer volumes this influence is controlled by pore shape and dimension, whereas for larger volumes continuity and tortuosity of the pore network plays the dominant role (Giménez et al. 1999 , Knudby and Carrera 2006 , Bird and Perrier 2010 . In fractured environments the scenario is identical: flow in the smaller volumes is determined by preferential flow paths, whereas in the larger volumes it is controlled by the entire fracture network (Le Borgne et al. 2006 , Jiménez-Martínez et al. 2013 . The question to answer now is: how do scale effects influence hydraulic diffusivity?
Under confined flow regimes (present case), hydraulic diffusivity is proportional to the K/S y ratio (equation (5c)). In the Montalto Uffugo confined aquifer (Italy), based on results of tracer tests, slug tests and pumping tests, Fallico (2014) described scale effects for hydraulic conductivity and effective porosity, using the following power functions:
where L is the spatial resolution, which varied from around 10 m to approximately 400 m. The scale effect is proportional to the exponent of L, meaning that medium heterogeneity affects K more profoundly than n e . Replacing equations (8a) and (8b) in equation (5c), with n e representing S y , one finds that:
where the exponent 0.096, much lower than 0.245 or 0.149, proves that heterogeneity has much less effect on D than it has on K or n e . Equation (8c) is very similar to equations (7a) and (7b) and therefore supports the results presented in this study. The somewhat lower base term and higher exponent of equation (8c) can easily be explained because the tested materials in the Montalto Uffugo and Szigetvár aquifers are also very different, being characterized in the first case by coarser and much less sorted sediments (average U = 32 >> U = 2.6 obtained for the Szigetvár loess samples), with a lower K/n e ratio (average K/n e = 5.4 × 10 -5 m/s <aver-age K/S y = 6.6 × 10 -5 m/s obtained for the Szigetvár loess samples, not including the K values obtained with the Slicher formula).
Coupling the scaling of hydraulic diffusivity with the propagation of hydraulic head waves
In the previous section, medium heterogeneity has been declared the fundamental source of scale effects in hydraulic diffusivity evaluations. However, to our knowledge, in studies addressing this topic at the aquifer-scale, heterogeneity has never been quantified or indirectly evaluated, which means that the reported associations between this property, spatial resolution and hydraulic diffusivity were purely conceptual. In this paper, one attempts to fill this gap by assigning medium heterogeneity to measurable variations in Fig. 7 Plot of hydraulic diffusivities as a function of concomitant storage coefficients, for unconfined, semiconfined and confined aquifers. The literature data were compiled by Pacheco (2013) and Onder (1994) . The Szigetvár loess aquifer, with a median diffusivity of D = 17.9 m 2 /s, behaves as a confined aquifer. The associated storage coefficient is S = bμβS y = 7.9 × 10 -6
, with b = 27.5 m (average aquifer thickness, reported in the 'Geology' section), ρ = 999.1 kg/m 3 (specific weight of water), β = 4.7 × 10 -9 m 2 /kg (compressibility of water), and S y = 0.061 (specific yield, estimated from values in Table 4 , based on a median grain size d 50 = 0.0405 mm, deduced from data in Table 1 ).
geometric properties of hydraulic head waves propagating through the aquifer.
Factors controlling hydraulic heads are led by the natural climate-related balance between recharge to, storage in, and discharge from the aquifer, although human activities such as urban development, deforestation or draining of wetlands can disturb this balance by expediting surface runoff and thus reducing groundwater recharge. Under natural conditions, and due to seasonal occurrence of recharge, heads tend to follow a cyclical pattern of fluctuation, typically rising during the winter and spring due to greater precipitation and recharge, then declining during the summer and fall owing to less recharge and greater evapotranspiration. These annual fluctuations may overlap oscillations spanning wider time frames (generally decades), promoted by variations in groundwater recharge and storage in response to climate change. Periodical hydraulic head fluctuations propagate through the aquifer generating hydraulic head waves. These waves can be approximated to sinusoidal functions of the form:
where h is the head, L is the scale and A k , λ k and c k are the amplitude, wavelength and phase shift of the kth sinusoidal component of the head wave. To a great extent, medium properties control the values of A k and λ k . In this context, low diffusivity media will generate waves with low A and λ values, high diffusivity media will produce waves with high A and λ values and heterogeneous media will create a complex sinusoid of overlapping waves with low and high A and λ values. Figure 8 is a schematic representation of waves generated within a hypothetical heterogeneous aquifer composed of two media, one with a low and another with a high diffusivity. Examples of hydraulic head waves propagating through real heterogeneous aquifers are reported in Taylor and Alley (2001) . In the study area, heterogeneity is caused by the stratification of diffusive loess strata with poorly diffusive palaeosol horizons. According to Fig. 8 , a digital survey of hydraulic head waves at decreasing spatial resolutions (increasing L values), for example using a GIS, would first detect waves propagating through the low diffusivity medium due to its small λ and subsequently expose the waves propagating through the high diffusivity medium considering its larger λ. It can be suggested that three head waves are overlapped in the study area because the relationship D vs L is segmented into three parts (Fig. 5) . Recalling that heterogeneity in the Paks Loess formation is caused by stratification, it can also be suggested segment 1, representing the smallest scales (10 ≤ L ≤ 25 m), describe flow and pressure head within a single loess stratum where the average hydraulic diffusivity is 17.7 m 2 /s (Table 5(a)). As the scale increases, flow propagates through larger aquifer volumes that can eventually reach a palaeosol stratum. Since palaeosols are low diffusivity media given their very low permeability, the overall D values in segment 2, representing the middle scales (50 ≤ L ≤ 750 m), drop down to 14.85 m 2 /s. For even larger aquifer volumes, represented by the scales L ≥ 1250 m of segment 3, flow and pressure heads will be determined by the diffusivity of a complex layer made up of multiple loess and palaeosol strata where average hydraulic diffusivity is 24 m 2 /s. Parameters of sinusoidal functions, namely A, λ and c, may theoretically describe hydraulic head waves but are not suited to expose wave components (e.g. sinusoids A and B in Fig. 8 ) during the spatial modelling of hydraulic head fluctuations of real aquifers, as they are barely assessable by commonly used GIS tools. An alternative route is to characterize hydraulic head waves using their geometric properties: slope and curvature (e.g. H x and H xx grids in Fig. 6 ). Looking at Fig. 8 , it becomes clear that wave A (low permeability medium) is a tightly curved sinusoid with steep flank slopes, whereas wave B (high permeability medium) is a softly curved sinusoid with gentle flank slopes. Consequently, spatial modelling of hydraulic heads in this hypothetical aquifer would initially (for small L values) generate H x and H xx grids characterized, respectively, by large average slopes and curvatures, which would decrease as spatial resolution coarsens.
General relationship between hydraulic diffusivity and scale
As mentioned in the 'Results' section, median hydraulic diffusivities calculated by the GRADIENTS model are comparable with values derived from empirical formulas based on grain-size distributions, when the confined condition is assumed for the tested materials. However Fig. 5 shows that microscale diffusivities can be derived from megascale counterparts if the upper power trend line is extended leftwards to the unit cell size (Δx = 1 m). Finally, in the previous section it was shown that scale effects in hydraulic diffusivity evaluations caused by medium heterogeneity are adequately described by a progressive decrease in the curvature and slope of hydraulic head waves as spatial resolution coarsens. In keeping with these settings, one can bridge hydraulic diffusivity from the microscale to the megascale, with microscale values being associated with unit cell size, and megascale values being upscaled by a factor describing medium heterogeneity as a function of the curvature and slope of associated hydraulic head waves. The general relationship will be a power function relating hydraulic diffusivity with spatial resolution. The base term will comprise the aquifer properties derived from grainsize distributions (hydraulic conductivity and specific yield) and major factors regulating diffusivity at the aquifer-scale (confinement condition and curvature of hydraulic head surface), and an exponent term comprising secondary control parameters of D distribution in space, namely the slope of the hydraulic head surface. The proposed power function for the confined condition is:
where L is the spatial resolution (scale). The first base term in brackets represents the confined condition, the second term the microscale hydraulic properties and the third term the changes in curvature of hydraulic head waves (τ L ) relative to values defined at unit spatial resolution (τ 1 ). The exponent term describes the changes in the wave slope (d L ) relative to values defined at unit spatial resolution (d 1 ). Switching the confining condition to unconfined, the equation becomes:
where b is the saturated aquifer thickness. Hydraulic diffusivities calculated by equation (10a) were compared with values obtained by the GRADIENTS model, the results being illustrated in Fig. 9(a) . Despite the small discrepancies, it is clear 
CONCLUSIONS
Hydraulic diffusivity (D) was successfully bridged between the aquifer and the particle-size scales, in the Szigetvár loess area in southwest Hungary. The aquifer or megascale diffusivities were assessed by a finite difference solution of a groundwater flow equation, resulting in a median value D = 17.9 m 2 /s, typical of a confined aquifer. The particle-size or microscale diffusivities were estimated by empirical laws relating D with statistical parameters of grainsize distributions, resulting in a median value D = 14 m 2 /s when a confined condition was assumed for the tested materials. In a scatter plot D vs spatial resolution (L), points fitted to a couple of parallel power functions. In the sequel, hydraulic diffusivities were described as a function of microscale diffusivities, interpreted as unit-scale diffusivities, multiplied by a power term where spatial resolution is combined with the concomitant curvature and slope of the hydraulic head surface. Overall, the results obtained in this study demonstrate the compatibility of hydraulic diffusivity estimates based on very different methods and support volumes, providing that an adequate set of methods are selected and a reliable conceptual model is adopted as regards hydraulic head fluctuations, with medium heterogeneity being considered at concomitant scales.
